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The nucleoside transport inhibitor 6- [ (4-nitrobenzyl)thio]-9-(~-~-ribofuranosyl)pur~ne, NBMPR, 
has been used successfully in photoaffinity labeling. We have studied the mechanism for photocleavage 
of the benzyl-sulfur bond by using substituted benzyl phenyl sulfides as analogues of NBMPR. This 
has enabled us to enhance the photoreactivity of the benzyl-sulfur bond. We have also performed 
“radical clock” studies with a hexenyl side chain to trap reactive intermediates. The mechanistic 
interpretation from the substituent and side chain studies is that the benzyl-sulfur moiety is 
photocleaved via a homolytic pathway. 

Recently, we reported the photochemical reactivity of 
the ribonucleoside 6-[(4-nitrobenzyl)thio]-9-(P-~-ribo- 
furanosyl)purine, NBMPR (l).l There was interest in the 

1 

photochemistry of 1 due to its successful photoaffinity 
labeling of a membrane transport protein.2 We were 
intrigued by the possibility of further applications in 
photoaffinity labeling with the photoactive group of 1. In 
our earlier study,’ we found that the active site in the 
photolysis of 1 is the benzyl-sulfur bond, and the primary 
pathway is cleavage of this moiety. Other research groups 
have studied similar benzyl-heteroatom photocleavage 
 reaction^.^ Photocleavage of the benzyl-sulfur bond is 
well known: but the nature of the photochemical bond- 
breaking process has not been extensively examined nor 
is there literature available on the effect that substituents 
have in this reaction. In this paper, we examine the 
mechanism of benzyl-sulfur bond cleavage, and while 
doing so we report substituent studies that will prove useful 
in the development of new photoaffinity labeling reagents. 

Possible cleavage mechanisms include those shown in 
Scheme I. Three intermediates are shown as potentially 
arising from the initial excited state: A arises from 
intramolecular SET, B from homolytic cleavage, and C 
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Scheme I 

from heterolytic cleavage: Presumably, any combination 
of these pathways could occur. 

The methods employed to study these potential mech- 
anisms were as follows: (1) analysis of photoproducts 
formed in the irradiation of benzyl phenyl sulfide (BPS, 
2) and several p -  and m-benzyl substituted derivatives 
(3a-7b), (2) a radical-trapping investigation using 6-phe- 
nylthio)-6-phenyl-l-hexene (8) to trap B, and (3) analysis 
of the Weller equation and UV experiments in order to 
determine the presence of A. 

Results and Discussion 
Major photoproducts6 for the photolysis of compounds 

2-7 are shown in Scheme 11. Photoproducts diphenyl 
disulfide and the substituted bibenzyls are most likely 
the result of radical coupling. Diphenyl sulfide is a 
secondary photoproduct from diphenyl disulfide as we 
have previously shown.’ The substituted toluenes pre- 
sumably arise via hydrogen atom abstraction by the benzyl 

(5) On the basis of product analysis in our previous study’ we concluded 
that heterolytic cleavage did not Occur via the benzyl anion. 

(6) Most of the major photoproducts are readily available in our 
laboratory which has allowed for the confirmation of their presence in the 
photomixture. Available photoproducts include the following: bibenzyl, 
diphenyl disulfide, diphenyl sulfide, toluene and substituted toluenes, 
benzaldehydes, and diphenylmethane. Analysis is based on major (ca. 
> 2 % ) photoproducts. 
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Scheme IV 

radical from the benzyl position of the starting material 
which leads to subsequent formation of the 1,a-diaryl 
1-phenyl thioethers (see Scheme 111). Although there are 
several possible pathways that could lead to the substituted 
benzaldehydes, we suspect that dissolved oxygen reacts 
with the radical intermediate. The phenylarylmethanes 
are formed from desulfurization of starting materials.’ No 
products resulting from heterolytic cleavage (such as 
thiophenol or benzyl ethers) were detected. 

The rate of cleavage for each of the substituted benzyl 
phenyl sulfides was also measured qualitative19 in order 
to determine potential utility for photoaffinity labeling. 
The results from the irradiation of these substituted 
derivatives show that the m-(trifluoromethy1)benzyl sul- 
fide is the most effective photocleaving reagent and would 
have potential as the photoactive group in a photoaffinity 
labeL9 

In an attempt to trap B, we synthesized and irradiated 
8 (see Scheme IV). If the benzyl radical formed in the 
photolysis of 8 has sufficient lifetime it would undergo 
intramolecular cyclization to give 1-methyl-Zphenylcy- 
clopentane,1° a product that would not be formed from a 
benzyl cation intermediate. We found that upon pho- 
tolysis of 8 benzyl radical intermediates are trapped by 
cyclization to give three ring-closed products: trans-1- 
methyl-2-phenylcyclopentane (9), cis-1-methyl-2-phenyl- 
cyclopentane (lo), and phenylcyclohexane ( ll).ll The 
overall yield of ring-closed products was only 7.0%; 
however, the major photoproducts formed (6-phenyl-l- 
hexene and l-phenyl-1,5-hexadiene) also arise from a 
radical intermediate. Ratios as shown in Scheme IV 
compare reasonably well with similar examples of ring 
closure in homolytic pathways.12 When methanol is used 
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as a solvent, no ether product (resulting from attack of the 
oxygen onto a benzyl or cyclohexyl cation) was observed. 

The observed competitive intramolecular trapping of 
the radical intermediate allows us to conclude that ita 
lifetime13 is a t  least 1o-S s. We have found that there is 
a solvent dependency on the trapping process, and we 
expect that back-reaction of the radical pair in ita solvent 
cage is the competing process. 

Analysis of the Weller equation“ with literature values 
for electron transferlssuggests that initial electron transfer 
between these moieties is energetically favorable16 and 
cannot be precluded a priori. To test for the presence of 
A we examined the UV spectra of thioanisole, q-nitro- 
toluene, and a mixture of the two. Since no shift was 
observed in the mixture, and the p-nitrotoluene radical 

(A, = 330 nm) was not observed, A is presumably 
not present is significant amounts. 

Conclusion 
Our results indicate that the major pathway for pho- 

tocleavage of the benzyl-sulfide bond is the homolytic 
route. Photoproduct analysis indicates that radical prod- 
ucts are the major resulta of photolysis. We successfully 
trapped the radical intermediate B with a “radical clock”, 
and spectroscopic analysis shows that intramolecular SET 
does not occur to any significant extent. We also found 
that the m-(trifluoromethy1)benzyl sulfide is an effective 
photocleaving reagent and may have potential as the 
photoactive group for photoaffinity labeling. 

Experimental Section 
General Proceduree. Tetrahydrofuran (THF) was distilled 

from sodium benzophenone ketyl prior to use. Dimethylfor- 
mamide and tert-butyl alcohol were distilled over CaHa. All 
reactions were performed under argon or dry nitrogen. NMFt 
spectra were obtained on a 200-MHz instrument. Microanalyses 
were performed by M-H-W Laboratories. Benzyl phenyl sulfide 
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was purchased from Lancaster and used without further puri- 
fication. The known compounds 3a, 4a, 4b, Sa, 6a, 6b, 7a, and 
7b were synthesized using standard procedures. 

3-Methoxybenzyl Phenyl Sulfide (3b). To 1.0 equiv of 
thiophenol in distilled dimethylformamide was added 1.2 equiv 
of 3-methoxybenzyl chloride and 1.2 equiv of potassium car- 
bonate. This slurry was stirred at room temperature for 24 h 
under inert atmosphere. The solution was transferred into 
aqueous sodium bicarbonate and ether; the organic layer was 
washed with brine and water and then dried over anhydrous 
sodium sulfate. Concentration in vacuo gave crude material 
(94% ) that was distilled to give a colorless oil with bp 142 OC/O.2 
Torr. Spectral data were as follows: NMR (CDCl3) 6 6.7-7.4 (m, 
9 H, arom), 4.05 (s,2 H), 3.70 (8, 3 H, methoxy); IR (neat) 1231, 
1047,780,690 cm-l; UV (95% EtOH) A, 261 (12 OOO). Anal. 
Calcd for C14H14OS: C, 73.01; H, 6.13; S, 13.92. Found: C, 72.86; 
H, 6.00, S, 14.12. 
3-(Trifluoromethy1)benzyl Phenyl Sulfide (Sb). The 

procedure described above using a'-chloro-a,a,a-trifluoro-m- 
xylene gave crude yield of 64%. The oil was distilled at  150 
OC/O.2 Torr. Spectral data were as follows: NMR (CDCl3) 6 
7.1-7.6 (m, 9 H, arom), 4.10 (s,2 H); IR (neat) 810,700,690,670 
cm-1; UV (95% EtOH) A, 255 (8600). Anal. Calcd for 
C14H11F3S: C, 65.38; H, 4.31; S, 12.47. Found C, 65.28; H, 4.45; 
S, 12.70. 
6-(Phenylthio)-6-phenyl-l-hexene (8). To 0.881 g (4.41 

mmol) of benzyl phenyl sulfide dissolved in 25 mL of THF at -78 
OC was added 1.1 equiv of nBuLi. The mixture was stirred for 
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0.5 h at  -78 OC, and then 0.640 mL (5.40 mmol) of 5-bromo-1- 
pentane was added dropwise. The reaction was allowed to warm 
tort  and stirred for 12 h. The reaction was quenched with water 
and ether extracted. The ether layers were washed with aqueous 
sodium bicarbonate, water, and brine and then dried over 
anhydrous sodium sulfate. Distillation at  176 OC/O.l Torr gave 
colorless oil in 80% yield. The spectral data were as follows: 
NMR (CDCls) 6 7.1-7.3 (m, 10 H, arom), 5.71 (m, 1 H) 4.94 (m, 
2 H), 4.10 (m, 1 H), 1.98 (m, 4 H), 1.42 (m, 2 H). l3C NMR 

127.4, 115.3,54.0,36.2,33.9, 27.3. Anal. Calcd for C & &  C, 
80.54; H, 7.51; S, 11.95. Found C, 80.54; H, 7.42; S, 12.17. 

General Photolysis Procedures. Irradiations were per- 
formed using a Hanovia 450-W medium-pressure Hg lamp in a 
water-cooled quartz well with the samples in quartz test tubes 
at a 1.5-cm distance from the well. The samples were dissolved 
in freshly distilled tert-butyl alcohol and deoxygenated prior to 
photolysis with purified nitrogenla gas bubbled through the 
solutions for 30 min. Photolysis concentrations of benzyl phenyl 
sulfide and ita derivatives (2-7b) for the Hammett plot study 
were M. The concentration of the alkene (8) in the radical 
clock study was 10-9 M. Samples were removed from the 
photolysis, spiked with benzophenone, and immediately analyzed 
by gas chromatography. 

(CDCla) 6 142.6, 138.8, 135.6, 132.8, 129.1, 128.8, 128.3, 127.5, 

(18) Nitrogen was purified by pawing it through an Ace-Burlitch inert 
atmosphere system containing a column packed with a BASF R3-11 
catalystTollowed by another column packed with Aquasorb drying agent. 


